Introduction
Macrophages play an important role in innate and adaptive immunity as professional phagocytes by internalizing and degrading pathogens (1, 2) . They recognize pathogens that are opsonized by specific Ab's, through specific receptors, such as Fcγ receptors (FcγR's) and complement receptor-3 (CR3; also known as Mac-1 or CD11b/18 integrin). Ligation of these receptors is accompanied by activation of specific signaling pathways and cytoskeletal changes, such as filamentous actin (F-actin) redistribution, as well as production of superoxide anion, proinflammatory cytokines, and chemokines such as TNF-α, IL-1, and IL-8 (2) . Macrophages also play an important role in a variety of physiological and pathological processes by phagocytosing apoptotic cells. They recognize these cells by using other receptors, including class A and B scavenger receptors, CD36, and CD14 (2) . This process is accompanied by production of anti-inflammatory cytokines and mediators such as TGF-β, IL-10, and PGE 2 (2) .
Galectin-3 is a member of large family of β-galactoside-binding animal lectins (3) . It is secreted by various cell types including monocytes, macrophages, and epithelial cells (4, 5) . The released protein can function as an extracellular molecule to activate cells (6) (7) (8) (9) (10) (11) , mediate cell-cell and cell-ECM interactions (12) (13) (14) , and induce migration of monocytes, macrophages (15) , and endothelial cells (16) , probably by binding to pertinent receptors through lectin-carbohydrate interactions. More recently, cell surface galectin-3 was implicated in restricting T cell receptor clustering and thus negatively regulating T cell activation (17) . This protein is also abundantly present inside the cells and has been shown to play important roles in some biological responses through its intracellular actions (18) . For example, it has been identified as a factor in premRNA splicing (19) and as a regulator of the cell cycle (20) and apoptosis (21, 22) , although the precise mechanisms of action are still undetermined.
Galectin-3 expression is highly upregulated when monocytes differentiate into macrophages (6) and are downregulated when these cells differentiate into dendritic cells (23) , suggesting that this protein might have functions specifically associated with particular differentiation stages in the monocyte cell lineage. The Galectin-3 is a member of a large family of animal lectins. This protein is expressed abundantly by macrophages, but its function in this cell type is not well understood. We have studied the effect of galectin-3 gene targeting on phagocytosis, a major function of macrophages. Compared with wild-type macrophages, galectin-3-deficient (gal3 -/-) cells exhibited reduced phagocytosis of IgGopsonized erythrocytes and apoptotic thymocytes in vitro. In addition, gal3 -/-mice showed attenuated phagocytic clearance of apoptotic thymocytes by peritoneal macrophages in vivo. These mice also exhibited reduced IgG-mediated phagocytosis of erythrocytes by Kupffer cells in a murine model of autoimmune hemolytic anemia. Additional experiments indicate that extracellular galectin-3 does not contribute appreciably to the phagocytosis-promoting function of this protein. Confocal microscopic analysis of macrophages containing phagocytosed erythrocytes revealed localization of galectin-3 in phagocytic cups and phagosomes. Furthermore, gal3 -/-macrophages exhibited a lower degree of actin rearrangement upon Fcγ receptor crosslinkage. These results indicate that galectin-3 contributes to macrophage phagocytosis through an intracellular mechanism. Thus, galectin-3 may play an important role in both innate and adaptive immunity by contributing to phagocytic clearance of microorganisms and apoptotic cells.
recent findings that galectin-3 is a major component of phagosomes in a mouse macrophage cell line (24) and of exosomes derived from a dendritic cell line (25) further suggest that this protein may be involved in endocytosis and antigen presentation. Here, we have studied the role of endogenous galectin-3 in the phagocytic function of macrophages by using galectin-3-deficient (gal3 -/-) mice. We found that galectin-3 is essential for effective phagocytosis of both IgGopsonized erythrocytes and apoptotic cells in vitro and in vivo. It participates in the phagocytic process probably through an intracellular mechanism.
Methods
Mice and reagents. Gal3 -/-mice were generated as described previously (26) and backcrossed to C57BL/6 mice for nine generations. Recombinant mouse GM-CSF was provided by Kirin Brewery Co. Ltd. (Maebashi, Japan). Sheep red blood cell (srbc) suspension was obtained from ICN Biomedicals Inc. (Aurora, Ohio, USA). Goat anti-galectin-3 Ab (6) and mouse anti-mouse rbc mAb 34-3C (IgG2a) (27) have been described previously. Rabbit polyclonal anti-srbc Ab was from Sigma-Aldrich (St. Louis, Missouri, USA). Rat anti-mouse FcγR (CD16/CD32) mAb 2.4G2 and FITC-conjugated annexin V were obtained from BD Pharmingen (San Diego, California, USA). Alexa 488-and FITC-conjugated mouse anti-goat IgG, TOTO-3, rhodamine-phalloidin, NBD-phallacidin, and DiD oil (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate) were purchased from Molecular Probes Inc. (Eugene, Oregon, USA). Rhodamine-conjugated donkey anti-goat IgG and F(ab′) 2 fragment of mouse anti-rat IgG were from Jackson ImmunoResearch Laboratories Inc. (West Grove, Pennsylvania, USA). RPMI 1640 was purchased from Invitrogen (Grand Island, New York, USA).
Preparation of monolayer cultures of macrophages. Mouse bone marrow-derived macrophages (BMMΦ) were prepared as adherent cultures using previously described procedures (28) , except that recombinant mouse GM-CSF (10 ng/ml) was used instead of L-cell-conditioned medium. More than 95% of the cells from both wild-type and gal3 -/-mice showed the characteristic appearance of macrophages when examined by light microscopy following Wright staining.
Preparation of IgG-opsonized srbc's and apoptotic thymocytes. Opsonization of srbc's was performed by treating the cells with a subagglutinating concentration of antisrbc Ab for 30 minutes at 37°C with gentle agitation. Thymocytes were harvested from the thymus of 3-to 6-week old mice. Apoptosis was induced by treating these cells with 1 µg/ml of dexamethasone in 10% FBS/RPMI 1640 for 4 hours at 37°C (29) . Fifty to sixty percent of the cells of the resulting population was in early apoptosis, as confirmed by flow cytometric analysis following FITC/annexin V and propidium iodide staining.
In vitro phagocytosis assays. Synchronous phagocytosis assays were performed according to a previously described method (28) . In brief, opsonized srbc's or apoptotic thymocytes were washed with PBS twice and added to semiconfluent cultured BMMΦ in 12-well microtiter plates; the plates were then placed on ice for 15 minutes. Afterward, the plates were centrifuged at 150 g for 5 minutes at 4°C to promote contact between the added cells and macrophages. Phagocytosis was allowed to occur by replacing the supernatant with medium prewarmed to 37°C and placing the plates in a 5% CO 2 incubator at 37°C. After the indicated time periods, the phagocytic reaction was stopped by adding an equal volume of 4% formaldehyde/PBS. The cell mixtures were washed with cold PBS followed by ACK lysing buffer (0.15 M NH 4 Cl, 1.0 M KHCO 3 , and 0.01 M Na 2 EDTA, pH 7.2) to remove unphagocytosed srbc's and then fixed with 4% formaldehyde/PBS. Digital images of randomly selected fields under phase-contrast microscopy were captured and the number of engulfed cells in more than 300 macrophages was counted. To measure phagocytosis of apoptotic thymocytes, macrophages were further processed for TUNEL staining and phagocytosed thymocytes were detected by confocal fluorescence microscopy as described below under Cell staining and confocal microscopy. The phagocytic index was calculated according to the following formula: phagocytic index = (total number of engulfed cells/total number of counted macrophages) × (number of macrophages containing engulfed cells/total number of counted macrophages) × 100.
Unsynchronized phagocytosis assays were performed as described above except that mixtures of macrophages and srbc's were not cooled to 4°C before initiation of phagocytosis. Thus, BMMΦ were cultured in 12-well plates on glass coverslips to subconfluence. Cells were removed from the CO 2 incubator, and opsonized srbc's in prewarmed medium at 37°C were added to the macrophages. Following centrifugation at 400 g for 1 minute at room temperature, the plates were returned to the CO 2 incubator at 37°C. Phagocytosis was stopped 20 minutes after addition of opsonized srbc's to macrophages as described above for synchronous assays. After fixation, coverslips were mounted on slides, engulfed srbc's were counted under phase-contrast microscopy, and phagocytic index was calculated as above.
Phagocytosis in cocultures of wild-type and gal3 -/-macrophages was evaluated with a mixture of approximately equal numbers of both genotypes of BMMΦ that had been cultured in the same well for 2-5 days. The phagocytosis assay using opsonized srbc's was conducted as described above in synchronized assays. After the indicated period, the wild-type and gal3 -/-cells were differentiated by immunostaining (see Cell staining and confocal microscopy, below) using anti-galectin-3 Ab and chromogenic detection with an alkaline phosphatase-tagged secondary Ab. The phagocytic index for each macrophage population was determined as described above.
Alternatively, fluorescence-labeled cells were used as the target cells and phagocytosis was measured by flow cytometric analysis. Briefly, srbc's were labeled with FITC-albumin or DiD cell labeling solution at the same time of opsonization at 37°C for 30 minutes. The labeled cells were washed twice with PBS and applied to the assay plates as described above. Afterward, the wells were washed with PBS and the adherent macrophages were removed from the plates by treatment with trypsin-EDTA and then examined by flow cytometry using a FACScan cytometer (Becton, Dickinson and Co., Franklin Lakes, New Jersey, USA). A micropinocytosis assay was performed by incubating cultured macrophages with FITC-conjugated dextran (mol wt, 12,000), with or without activation by PMA. The cells were then harvested and analyzed by flow cytometry as described above.
In vivo phagocytosis of apoptotic cells. The in vivo phagocytic clearance of apoptotic cells was examined according to a previously described method (29) . Briefly, mice were injected intraperitoneally with 1.5 ml of sterile 3% Brewer's thioglycollate to induce peritonitis. Four days later, 2 × 10 7 apoptotic thymocytes prepared as described above in 200 µl PBS were injected into the peritoneum. After 30 minutes, mice were sacrificed and the peritoneal cells were collected by lavaging the cavity with ice-cold PBS containing 5 mM EDTA. The cells were spun onto glass slides and examined by light microscopy following Wright staining. Macrophages containing internalized apoptotic thymocytes and/or apoptotic bodies were enumerated. Thymocytes were counted as phagocytosed when more than 50% of the cell was inside the cell surface of the macrophages.
In vivo phagocytosis of IgG-opsonized cells. An experimental autoimmune hemolytic anemia model described previously (30, 31) was used for assessing phagocytosis in vivo. In brief, 100 µg of the anti-mouse rbc mAb 34-3C was injected intraperitoneally into 2-monthold mice. Three days later, blood samples, liver, and spleen were harvested from the treated animals. The degree of anemia was assessed by measuring hematocrit. Livers were processed and stained with H&E to assess in vivo rbc phagocytosis by resident Kupffer cells, as described (30, 31) .
FcγR crosslinkage. BMMΦ were incubated in 0.1% FBS/RPMI 1640 without GM-CSF for 1-2 hours at 37°C and then harvested from the plates using trypsin-EDTA. The cell suspension (5 × 10 6 cells/ml) was incubated with 10 µg/ml rat anti-mouse FcγR mAb 2.4G2 for 30 minutes at 4°C with occasional shaking. After the cells were washed with ice-cold medium, the F(ab′) 2 fragment of mouse anti-rat IgG Ab was added (final concentration, 10 µg/ml) and the mixture was incubated at 37°C for the indicated time periods.
Cell staining and confocal microscopy. Macrophages cultured on coverslips were used in the phagocytosis assay or stimulated by FcγR crosslinkage as described above. After fixation with 4% paraformaldehyde/PBS at 4°C for 12-16 hours, the cells were permeabilized with 0.2% Triton X-100/PBS for 5 minutes on ice and incubated with goat anti-galectin-3 Ab followed by rabbit anti-goat Ab conjugated to FITC or Alexa 488. To detect apoptotic thymocytes phagocytosed by macrophages, TUNEL staining was performed with a commercial kit (Promega Corp., Madison, Wisconsin, USA). Subsequently, the cells were incubated with propidium iodide or TOTO-3 (for nucleic acid staining) or rhodamine-phalloidin (for F-actin staining). After the coverslips were mounted on the glass slides, digital images from a confocal fluorescence microscope were captured in two or three channels in an MRC-1024 Laser Scanning Confocal Image System (Bio-Rad Laboratories Inc., Hercules, California, USA).
Quantitative measurement of F-actin. The total F-actin content in macrophages was measured as described previously (32) . Briefly, after macrophages were treated with specific Ab's for indicated time periods to crosslink FcγR, formaldehyde (3.7% final, vol/vol) was added to stop the reaction. The fixed cells were permeabilized with 10 mM imidazole, 40 mM KCl, 10 mM EGTA, 1 mM MgCl 2 , and 1% Triton X-100. F-actin was then stained with NBD-phallacidin for 1 hour at room temperature. After the cells were washed with PBS, F-actin-bound NBD-phallacidin was extracted with methanol. The extracts were centrifuged to remove any insoluble material, and relative fluorescence was measured using an AMINCO Bowman Series 2 spectrofluorometer (Thermo Spectronic, Madison, Wisconsin, USA) with the excitation and emission wavelengths set at 465 nm and 535 nm, respectively. The F-actin ratio was calculated as (F-actin in activated cells -background)/(F-actin in unstimulated cells -background).
Data analysis. Data are presented as mean ± SD unless otherwise stated. The statistical examination of results was performed by ANOVA using Fisher's protected least significant difference test for multiple comparisons. Analysis of the results from the in vivo experiments of experimental autoimmune hemolytic anemia and phagocytic clearance of apoptotic thymocytes was accomplished by the Mann-Whitney U test. P values below 0.05 were considered significant.
Results

Gal3 -/-macrophages exhibit delayed phagocytosis of IgGopsonized erythrocytes in vitro.
We conducted in vitro phagocytosis assays with BMMΦ from wild-type and gal3 -/-mice to analyze the role of galectin-3 in FcγR-mediated phagocytosis. We used a previously described method that allows phagocytosis by all macrophages in the culture to be synchronized (28) . As shown in Figure 1a , wild-type BMMΦ engulfed IgG-opsonized srbc's within 5 minutes, consistent with previous studies (28) . In contrast, gal3 -/-BMMΦ ingested many fewer erythrocytes during the same time period. However, the degree of phagocytosis by the two genotypes appeared to be comparable after 60 minutes (Figure 1a) .
Delayed phagocytosis in gal3 -/-macrophages was also confirmed by flow cytometric analysis. Figure 1d contains representative data from six independent experiments and shows that gal3 -/-macrophages internalized much smaller numbers of fluorescence-labeled srbc's than did wild-type cells after 20 minutes. These results indicate that galectin-3 is involved in the early steps of phagocytosis of IgG-opsonized particles.
In contrast to their reduced phagocytosis of IgGopsonized cells, gal3 -/-macrophages displayed normal micropinocytosis of soluble substances. Flow cytometric analysis showed that wild-type and gal3 -/-macrophages, both PMA-stimulated and unstimulated, internalized almost equal amounts of FITC-labeled dextran (data not shown). The results indicate that galectin-3 is involved in some but not all types of endocytosis.
To quantify phagocytosis, we counted the internalized cells in more than 300 macrophages at different timepoints and calculated the phagocytic index. Figure 1b shows that phagocytosis of srbc's by wild-type macrophages was nearly completed at the earliest timepoint tested (10 minutes); the phagocytic index reached a maximum after 20 minutes. In contrast, the phagocytic index of gal3 -/-macrophages was lower than that of the wild type by 59.4% and 51.4% at 10 minutes and 20 minutes, respectively (n = 5, P < 0.001, Figure 1b) . Phagocytosis then continued to increase and became comparable to that of the wild type. The impaired FcγR-mediated response in these cells is not due to the reduced quantity of FcγR, because the level of cell surface FcγR is comparable between wild-type and gal3 -/-macrophages, as determined by flow cytometry (data not shown). It is also not due to reduced capacity to bind opsonized srbc's, as no differences in numbers of bound srbc's were detected on macrophages at 4°C prior to initiation of phagocytosis by warming (data not shown). We also noted that cells of both genotypes showed a minimum rate of apoptosis (<1% of cells undergoing apoptosis as detected by TUNEL assay during the phagocytosis assay). Therefore, the difference in the phagocytic index is not due to a difference in cell survival between the two genotypes.
In the above assays, the mixtures of macrophages and srbc's were exposed to a low temperature (4°C) before phagocytosis was initiated. In order to exclude the possibility that the defects of gal3 -/-macrophages were a result of the exposure to low temperature, unsynchronized phagocytosis assays were also performed. As shown in Figure 1c , gal3 -/-macrophages exhibited significantly impaired phagocytosis as observed in synchronous assays. These results demonstrate that gal3 -/-macrophages have an intrinsic phagocytic defect. 
Gal3 -/-macrophages show defective phagocytosis of apoptotic cells in vitro and in vivo.
We also compared wild-type and gal3 -/-macrophages for their phagocytosis of apoptotic cells. Thymocytes induced to undergo apoptosis by dexamethasone treatment were added to macrophages grown on coverslips in 12-well plates and the mixture was incubated at 37°C. The cells were then stained by the TUNEL procedure to detect the phagocytosed apoptotic thymocytes. Figure 2a shows that gal3 -/-macrophages internalized fewer apoptotic thymocytes than did wild-type cells. The phagocytic index of gal3 -/-macrophages was 64% lower than that of wild-type cells at the 20-minute timepoint (wild-type, 106 ± 16.7 vs. gal3 -/-, 38.5 ± 16.1, n = 6, P < 0.001).
We then studied in vivo phagocytosis activity by injecting apoptotic thymocytes intraperitoneally into mice with thioglycollate-induced sterile peritonitis and examining the engulfment of these cells by peritoneal macrophages. As shown in Figure 2b , the percentage of macrophages that ingested apoptotic cells was lower by 57% in gal3 -/-mice than in the wild type (wild-type, 20.7% ± 8.3% vs. gal3 -/-, 9.0% ± 5.6%; P < 0.01; n = 7). These results indicate that galectin-3 plays an important role in phagocytosis of apoptotic cells.
Gal3 -/-Kupffer cells in the liver show defective phagocytosis of IgG-opsonized cells in vivo.
Autoimmune hemolytic anemia can be induced experimentally in mice by a single intraperitoneal injection of an IgG2a anti-mouse rbc mAb, 34-3C (30) . The resultant anemia, as evaluated by a reduction in hematocrit, is primarily mediated through FcγR-dependent erythrophagocytosis by Kupffer cells (33, 34) . Thus, this animal model was used to determine whether galectin-3 is involved in IgG-mediated phagocytosis by Kupffer cells in vivo. We found that there was no significant difference in hematocrit between the two types of mice after injection of PBS (wild-type, 50.0% ± 0.82% vs. gal3 -/-, 48.8% ± 0.96%, n = 4). However, 3 days after the treatment with the anti-rbc mAb, wild-type mice showed a much more pronounced reduction in hematocrit than was seen in gal3 -/-mice (wild-type hematocrit, 26.9% ± 4.79% vs. gal3 -/-hematocrit, 42.5% ± 3.47%, P < 0.005, n = 4) (Figure 3a) . Histological examinations of the liver resected 3 days after injection of the mAb showed that over half of the Kupffer cells in wild-type mice contained phagocytosed rbc's (Figure 3b ). In contrast, only a small population of the Kupffer cells in gal3 -/-mice showed phagocytosis of rbc's (Figure 3b ). In addition, the liver from wild-type but not gal3 -/-mice contained prominent extramedullary hematopoietic foci. These results indicate that galectin-3 is involved in erythrophagocytosis by hepatic Kupffer cells in vivo.
Extracellular galectin-3 does not contribute appreciably to phagocytosis. Galectin-3 is known to be secreted by cells, although, like other galectins, it does not contain a signal peptide. On the other hand, galectin-3 has been shown to have a variety of intracellular functions (18) . As a first step in assessing whether it is intracellular or extracellular galectin-3 that is involved in the phagocytic process, we addressed whether phagocytosis of macrophages was affected by the presence of lactose in the culture media. This approach is used because all known extracellular functions of this protein in monocytes/macrophages are dependent on its C-terminal domain lectin properties, and can be inhibited by specific saccharide ligands, such as lactose (6, 15, 35) . We found that 5 mM lactose did not have any effect on the degree of phagocytosis of opsonized erythrocytes by wild-type macrophages (data not shown).
To firmly establish that galectin-3 secreted from cells does not contribute to phagocytosis, we performed the phagocytosis assay with cocultures of wild-type and gal3 -/-macrophages. The two genotypes were differentiated at the end of the assay by immunostaining for galectin-3. If galectin-3 released from wild-type cells contributes to phagocytosis, it should affect both genotypes through a paracrine mechanism and the phagocytic index of gal3 -/-macrophages should approach that of the wild type. As shown in Figure 4 , the phagocytic index of gal3 -/-macrophages in the cocultures remained significantly lower than that of wild-type macrophages.
Galectin-3 is localized in F-actin-rich phagocytic cups and phagosomes. To determine the galectin-3 localization in macrophages engaged in phagocytosis of IgGopsonized srbc's, we performed confocal immunofluorescence microscopic analysis. As an initial step, we confirmed the specificity of the anti-galectin- macrophages were not stained at all (data not shown). In resting wild-type macrophages, galectin-3 distributes diffusely in the cytoplasm and showed no significant codistribution with F-actin, which was stained positively by rhodamine-phalloidin (Figure 5a ). However, within 1 minute after the addition of opsonized srbc's to wild-type macrophages, galectin-3 was found in the F-actin-enriched phagocytic cups (Figure 5a ). At 10 minutes, galectin-3 was found to be associated with the phagosomes, which are formed from the internalized cells and are also rich in actin (Figure 5b ). After 15 minutes, galectin-3 remained associated with the mature phagosomes (phagolysosomes), while F-actin was no longer present (Figure 5b ). The distribution of galectin-3 in the phagolysosomes was confirmed by simultaneous staining with Ab's against galectin-3 and LAMP-1, the latter being a specific marker protein for lysosomes that is invariably present in phagosomes (data not shown). We also noted that galectin-3 is not present in the actin plaques formed at the interface between cells and culture surface both before and after phagocytosis (data not shown), indicating that this codistribution is specific for the phagocytic response. No signal for galectin-3 was detected when nonpermeabilized cells were stained, suggesting that this protein localizes inside but not outside the plasma membrane (data not shown).
FcγR-mediated F-actin rearrangement is impaired in gal3 -/-macrophages. Phagocytosis is known to be an actin-dependent process, and the initial step is believed to be the formation of phagocytic cups through a process that involves actin polymerization under the plasma membrane (36) . Thus, we compared this response induced by FcγR crosslinkage in wildtype and gal3 -/-macrophages by quantifying the total F-actin content in the cells. We found that Triton X-100-insoluble F-actin content increased more quickly and reached a higher level in wild-type macrophages than in gal3 -/-macrophages in response to FcγR crosslinkage. Figure 6 is a representative result from four experiments using different cultures of macrophages. The results show that the F-actin ratio in wild-type cells increased by 20.2% and 27.3% above the basal level after 5 and 10 minutes of stimulation, respectively, and that after 15 minutes, the ratio began to decline as expected. In contrast, the ratio in gal3 -/-macrophages increased slowly and reached only 2.1% and 6.8% above the basal level after 5 and 10 minutes, respectively. These results suggest that galectin-3 functions upstream of actin polymerization.
Discussion
A major conclusion of this study is that galectin-3 plays an important role in the phagocytic function of macrophages. This is conclusively demonstrated by delayed phagocytosis of opsonized srbc's by gal3 -/-macrophages compared with wild-type cells. Cellular processes involved in phagocytosis, such as actin polymerization, are also significantly reduced in gal3 -/-
Figure 5
Localization of galectin-3 in actin-rich phagocytic cups and phagosomes. Phagocytosis of srbc's by wild-type and gal3 -/-macrophages was performed as described in Figure 1 . After the indicated time periods, unbound srbc's were removed and the cells were fixed, permeabilized, and treated with goat anti-galectin-3 Ab, followed by FITC-conjugated mouse anti-goat IgG secondary Ab and rhodamine-phalloidin to stain galectin-3 and actin. (a) Distribution of galectin-3 (upper panels; green) and F-actin (middle panels; red) inside wild-type macrophages. An overlay of these images demonstrates colocalization of F-actin and galectin-3 (lower panels; yellow). Panels on the left show wild-type macrophages before stimulation and those on the right show 1 minute after stimulation with opsonized srbc's. (b) Overlay of galectin-3 and F-actin in wild-type macrophages after 10 and 15 minutes of stimulation. How galectin-3 contributes to phagocytosis remains to be elucidated. However, we have obtained significant mechanistic insights by locating this protein in important structures in macrophages undergoing phagocytosis, namely phagocytic cups and phagosomes. Many lines of evidence have indicated that the phagocytic process by various receptors is driven by rearrangement of the actin cytoskeleton and that a variety of signaling molecules can converge at the phagocytic cups and phagosomes, where the actin cytoskeleton is locally reorganized (36) . Our finding of distribution of galectin-3 in these structures suggests that galectin-3 may participate in the phagocytic process by controlling the formation of these structures. However, it does not appear that galectin-3 is recruited to the phagocytic cups and phagosomes through direct association with actin, as are many known actin-binding proteins (36) . The kinetics of recruitment of galectin-3 to phagosomes, for example, appears to be different from that of actin. At 10 minutes after the initiation of phagocytosis, there was intense staining of actin but weak staining of galectin-3 in phagosomes. On the other hand, at 15 minutes, actin was no longer detectable in the phagosomes, whereas staining of galectin-3 became intense ( Figure 5 ). In addition, galectin-3 does not contain any of the known actin-binding motifs reported in several actin-binding proteins (40) (41) (42) (43) (44) .
In summary, galectin-3 plays an important role in the overall function of macrophages. Previous work has shown that this lectin is highly upregulated as monocytes differentiate into macrophages. Other studies have demonstrated that galectin-3, when added to monocytes exogenously, induces superoxide and cytokine production from these cells (6, 35) . Although direct evidence is lacking, existing information suggests that this lectin should similarly activate macrophages. More recently, it has been shown that galectin-3 is a potent chemoattractant for macrophages (15) . Thus, the picture that has emerged is that extracellular galectin-3 contributes to the recruitment and activation of macrophages through a paracrine mechanism. In addition, intracellular galectin-3 contributes to the essential functions of these cells, such as phagocytosis, as demonstrated in this study, as well as cell survival, as demonstrated previously (26) . Thus, through a combination of a number of different macrophages when activated by FcγR crosslinkage. Thus, galectin-3 may contribute to the engulfment of particles such as microorganisms and play a critical role in innate immunity. Phagocytosis by macrophages is also an important process in the pathogenesis of Ab-mediated autoimmune diseases. We found that there was a much more pronounced reduction in hematocrit in wild-type mice than in gal3 -/-mice in a mouse autoimmune hemolytic anemia model, suggesting that galectin-3 contributes to phagocytosis of autoantibody-coated erythrocytes. Therefore, galectin-3 can contribute to the development of these types of diseases. We also found that galectin-3 is essential for efficient phagocytosis of apoptotic cells in vitro and in vivo. Phagocytosis of apoptotic cells is a prominent feature in many physiological and pathological processes, such as organ development, tissue remodeling, and inflammation (2). Thus, our results suggest that galectin-3 may be involved in these processes as well.
Galectin-3 has been shown to bind to the surface of various cell types including erythrocytes through lectin-carbohydrate interactions (37, 38) . Exogenously added galectin-3 has been shown to activate macrophages in a fashion that is dependent on its lectin properties (6, 15) . Thus, an obvious explanation for the role of galectin-3 in phagocytosis would be that the secreted lectin binds to the particles to be ingested and then promotes their engulfment by macrophages. However, the addition of lactose to the culture medium, a condition that has been shown to inhibit various extracellular functions of galectin-3, did not inhibit phagocytosis. The results from experiments with cocultures of gal3 -/-and wild-type macrophages further detract from the probability of a role for extracellular galectin-3 in phagocytosis (Figure 4) . Recently, galectin-3 was shown to accumulate in the membrane of mycobacterial phagosomes in Mycobacterium tuberculosis-infected macrophages (39) . Galectin-3 continues to accumulate in the phagosomes after macrophages have already acquired mycobacteria and the protein is located at the cytosolic face of the phagosomes. These results suggest that galectin-3 is sequestered from the cytosol. Similarly, it is possible that the cytosol is a source of the galectin-3 accumulated at the phagocytic cups and phagosomes as observed in the present studies.
Figure 6
Reduced actin cytoskeletal rearrangement in gal3 -/-macrophages in response to FcγR stimulation. Wild-type and gal3 -/-BMMΦ were stimulated by FcγR crosslinkage using specific Ab's for the indicated times. Triton X-100-insoluble F-actin content was measured and expressed as F-actin ratio. Data are representative results of four separate experiments.
mechanisms, galectin-3 plays important roles in many kinds of biological responses by contributing to the homeostasis and functions of macrophages.
